INTRODUCTION
============

Intravenous (IV) fluid therapy is essential and lifesaving in critically ill patients and in individuals undergoing major surgery. The rates of distribution and elimination of infused fluid are influenced by factors such as general anesthesia \[[@b1-acc-2019-00717]\], stress, dehydration \[[@b2-acc-2019-00717],[@b3-acc-2019-00717]\], age, and arterial pressure \[[@b4-acc-2019-00717]\]. For instance, 5%--10% of infused volume is excreted within 2 hours during general anesthesia and surgery \[[@b5-acc-2019-00717],[@b6-acc-2019-00717]\], while 75%--90% is excreted within 2 hours in a conscious state \[[@b2-acc-2019-00717],[@b3-acc-2019-00717]\]. The efficiency (proportion of infused fluid retained in the bloodstream) is 50%--75% as long as infusion continues, although this fraction may increase up to 100% when the arterial pressure has decreased by 20%--30%, as in acute hemorrhage or during induction of anesthesia \[[@b5-acc-2019-00717]\]. Kinetic analyses \[[@b1-acc-2019-00717],[@b6-acc-2019-00717]-[@b9-acc-2019-00717]\] and outcome-oriented studies \[[@b10-acc-2019-00717]-[@b14-acc-2019-00717]\] have provided more insight into how crystalloid infusions should be managed. Infusion of crystalloids in patients undergoing surgery under general anesthesia has a much better short-term effect on plasma volume expansion than previously believed.

Recently, the role of the endothelial glycocalyx layer (EGL) in microvascular permeability has attracted much attention. The EGL is disrupted (shed) in various pathophysiological states such as sepsis, ischemia-reperfusion injury, hemorrhagic shock, trauma, and major abdominal surgery or with rapid infusion of fluid (especially saline) \[[@b15-acc-2019-00717]-[@b18-acc-2019-00717]\]. Under these circumstances, transcapillary flow is increased, allowing protein-rich plasma to move across the vascular wall, contributing to development of hypovolemia, interstitial edema, and organ dysfunction \[[@b17-acc-2019-00717]-[@b19-acc-2019-00717]\].

The composition of IV fluid may also affect organ function and patient outcomes. A large volume of saline (0.9% sodium chloride) has been associated with hyperchloremic acidosis \[[@b20-acc-2019-00717],[@b21-acc-2019-00717]\] and acute kidney injury (AKI) \[[@b22-acc-2019-00717]-[@b25-acc-2019-00717]\]. Saline was also associated with a greater risk of AKI and death in sepsis \[[@b14-acc-2019-00717]\]. In recent randomized controlled trials, saline was associated with increased incidence of death, new renal replacement therapy, and persistent renal dysfunction during critical \[[@b10-acc-2019-00717]\] or acute illness compared with balanced crystalloids \[[@b11-acc-2019-00717]\]. On the other hand, hydroxyethyl starch (HES) showed nephrotoxic effects in sepsis and in intensive care settings \[[@b26-acc-2019-00717],[@b27-acc-2019-00717]\]; however, negative effects were not observed in a surgical context \[[@b28-acc-2019-00717],[@b29-acc-2019-00717]\].

The optimal composition, dose, and rate of fluid administration have not been well established based on scientific evidence. Therefore, we hereby review the previous documents regarding the fluid kinetics and the fluid composition to help clinicians choose proper type and amount of resuscitation fluids in various clinical scenarios, especially in the perioperative and critical care settings.

PHYSIOLOGY OF BODY FLUID COMPARTMENT AND FLUID HOMEOSTASIS
==========================================================

Body Water Distribution
-----------------------

In a 70-kg male, the total amount of body water is approximately 42 L (60% of body weight); approximately 28 L of which are located inside the cells (intracellular fluid, 40% of body weight), while the remaining 14 L are outside the cells (extracellular fluid \[ECF\], 20% of body weight). The ECF is further compartmentalized into interstitial fluid (11 L) and plasma (3 L).

Endothelial Glycocalyx Layer
----------------------------

The EGL is an approximately 2-μm-thick, membrane-bound, sponge-like mesh consisting of glycoproteins and proteoglycans. The EGL covers the entire vascular lumen, occupying 700--1,000 ml of the intravascular space \[[@b30-acc-2019-00717]\]. The soluble components of the plasma, mainly albumin, are embedded within the EGL meshwork. The combination of the meshwork and the trapped proteins opposes transcapillary filtration and has a regulatory role in leukocyte and platelet adhesion on the endothelial surface \[[@b16-acc-2019-00717]\]. Recently, circulating levels of the EGL-shedding biomarkers heparan sulfate, syndecan-1, and hyaluronic acid were evaluated in vulnerable clinical scenarios as diagnostic markers and therapeutic targets ([Figure 1](#f1-acc-2019-00717){ref-type="fig"}) \[[@b17-acc-2019-00717],[@b18-acc-2019-00717]\].

The EGL excludes molecules larger than 70 kDa. However, plasma proteins may leak into the interstitium through a relatively small number of large pores (i.e., capillary leaks), which are responsible for increased transcapillary flow (Jv) observed in the early stage of inflammation \[[@b31-acc-2019-00717]\]. The transcapillary escape rate of albumin to the tissues is an index of vascular permeability and is normally 5% of the plasma albumin per hour. The escape rate can double during surgery and increase by up to more than four-fold in septic shock \[[@b19-acc-2019-00717]\].

Capillary Tissue Fluid Dynamics
-------------------------------

The fundamental principle governing the transcapillary fluid exchange between plasma and interstitial space was established by Starling in 1896 \[[@b32-acc-2019-00717]\]. According to the classic Starling principle, Jv depends on a balance between hydrostatic and oncotic pressure gradients across the capillary wall; the fluid is squeezed out by a dominant hydrostatic pressure to the interstitium at the arteriolar portion, and almost the same amount of fluid is absorbed back by osmotic attraction at the venular end. However, at the beginning of this century, the effects of oncotic pressure on Jv were determined to be too weak to reverse the hydrostatically-driven movement of fluid at the venular end \[[@b33-acc-2019-00717]\].

Levick and Michel \[[@b31-acc-2019-00717]\] revised the Starling equation by incorporating the EGL, where Jv=Kf (\[Pc--Pis\]--σ \[π~c~--π~sg~\]): Kf, hydraulic conductance; Pc, capillary hydrostatic pressure; Pis, interstitial hydrostatic pressure; σ, osmotic reflection co-efficient; πc, oncotic pressure on plasma-side of ESL; and πsg, oncotic pressure in sub-glycocalyx space. The EGL separates plasma from the sub-glycocalyx space containing protein-poor fluid, thereby producing a negligible oncotic pressure (π~sg~) that is an important determinant of Jv ([Figure 1](#f1-acc-2019-00717){ref-type="fig"}). The oncotic pressure difference across the EGL opposes but does not reverse Jv through venous capillaries and venules. Consequently, the fluid leaks into the interstitium from the capillaries and from venules under a dominant hydrostatic pressure gradient, and transcapillary absorption is not likely to occur (the "no absorption" rule). Most of the filtrate then returns to circulation via the lymphatic system \[[@b34-acc-2019-00717]\]. This concept suggests that all infused fluids can accumulate dose-dependently in the interstitial space and contribute to formation of interstitial edema, particularly under inflammatory conditions in which resuscitation fluids are used excessively.

FLUID DISTRIBUTION KINETICS DURING ANESTHESIA AND SURGERY
=========================================================

In volume kinetic studies, crystalloids have been shown to distribute throughout the ECF space with a half-life of approximately 8 minutes, requiring 30 minutes to equilibrate under normal physiological conditions \[[@b35-acc-2019-00717]\]. The slow distribution renders crystalloids a fairly good plasma volume expander with an efficiency of 50%--75% as long as infusion is continued \[[@b5-acc-2019-00717]\].

The distribution rate of the infused fluid is context-sensitive \[[@b9-acc-2019-00717]\]. The infused crystalloids are initially distributed in the intravascular space. When capillary pressure (or transendothelial pressure difference) is higher than normal, the crystalloids increases Jv more than does the same volume of colloids. In contrast, when capillary pressure is low, such as during acute hypotension (arterial pressure reduction greater than 20%--30%) after induction of anesthesia, in hypovolemia, or in septic shock, Jv declines to close to zero. Consequently, distribution of the infused fluid to the interstitial space is arrested, with fluid efficiency reaching almost 100% \[[@b34-acc-2019-00717]\]. Capillary refill from interstitial fluid is also likely to occur ("autotransfusion"), although it lasts only for a few minutes when the capillary pressure is abruptly reduced by a large amount of acute blood loss \[[@b31-acc-2019-00717]\].

During surgery and anesthesia, elimination of infused fluid amounts to approximately 10%--20% of that in a conscious state \[[@b9-acc-2019-00717]\]. Surgery and stress significantly alter the fluid balance, leading to fluid retention, probably via modulation of adrenergic activity and levels of aldosterone, antidiuretic hormone, and renin \[[@b5-acc-2019-00717]\]. Isoflurane alone lowers renal clearance for crystalloids by 50% \[[@b1-acc-2019-00717]\]. Renal clearance is approximately only 7 ml/min during laparoscopic surgery \[[@b6-acc-2019-00717]\], while it is 60--110 ml/min in conscious volunteers \[[@b36-acc-2019-00717]\]. The half-life (T1/2) of crystalloids is as much as 10 times longer during surgery under general anesthesia, eliciting an augmented plasma volume expansion with a concomitant risk of peripheral fluid accumulation ([Table 1](#t1-acc-2019-00717){ref-type="table"}) \[[@b5-acc-2019-00717]\]. Old age and low blood pressure further reduce elimination during surgery, thereby enhancing fluid overload \[[@b4-acc-2019-00717]\].

In addition, T1/2 differs according to type of crystalloid and sex and is longer for saline (110 minutes) than acetated (56 minutes) and lactated Ringer's (50 minutes) solutions \[[@b36-acc-2019-00717]\]. The time to the first void for saline is twice as long as for Ringer's lactate \[[@b37-acc-2019-00717]\] and three times as long for 5% glucose \[[@b5-acc-2019-00717],[@b38-acc-2019-00717]\]. The longer T1/2 of saline can be attributed to renal vasoconstriction associated with high chloride content \[[@b39-acc-2019-00717]\]. In addition, Ringer's acetate showed a longer T1/2 in males than in females (38 minutes vs. 24 minutes) \[[@b40-acc-2019-00717]\]. However, unlike crystalloids, the T1/2 for plasma volume expansion during surgery under general anesthesia (without hypotension) with colloids was not different from that of the volunteers \[[@b41-acc-2019-00717]\].

One unanswered question regarding fluid kinetics during anesthesia and surgery is why crystalloids require 25--30 minutes for complete distribution into the interstitium despite the small size of the electrolytes (0.2 nm) relative to the capillary pore (approximately 6 nm). Another question is why the fluid accumulated intraoperatively in the interstitium is not readily excreted after surgery, while that administered postoperatively is promptly eliminated \[[@b42-acc-2019-00717]\]. In fact, several days are required for crystalloids administered intraoperatively to be completely excreted from the body \[[@b43-acc-2019-00717]\].

The interstitium is filled with a fine gel fiber matrix (i.e., proteoglycan filament); thus, its compliance is low due to the viscoelastic properties of the fibers in the meshwork \[[@b35-acc-2019-00717]\]. The elastic proteoglycan filaments may prevent fluid from flowing easily through the gel, resulting in slow fluid distribution over 30 minutes. However, when significant expansion has occurred due to interstitial edema developed during surgery, the matrix loses much of its elastic quality, causing the distributed fluid to remain in the interstitial tissue for a prolonged period. Consistent with this speculation, Hahn et al. \[[@b44-acc-2019-00717]\] observed slower return of Ringer's acetate from the peripheral fluid compartment to the plasma with high than with low infusion rates in healthy volunteers. A lower than 10 ml/min infusion rate of crystalloids should be recommended in clinical practice \[[@b44-acc-2019-00717]\].

The anatomical interstitial space measured using a small tracer molecule is approximately 11 L in adults. Volume kinetics, however, measures only the volume that can be expanded by IV fluids (i.e., physiological interstitial space) and does not include nonexpandable interstitial spaces limited by rigid structures such as bone (brain, marrow) or fibrous capsules (liver, spleen, and kidney). Consequently, physiological interstitial space is 7−8 L, which is twice as large as the plasma volume. One-third of the infused fluid should remain in the plasma and two-thirds in the interstitium \[[@b8-acc-2019-00717]\]. Consequently, a replacement of two times the amount of hemorrhaged blood volume with crystalloids appears reasonable, contrary to the common recommendation of three to four times volume replacement with crystalloids.

Spinal anesthesia did not affect the fluid kinetics in a clinical study using acetated Ringer's solution \[[@b45-acc-2019-00717]\]. However, distribution of infused fluid is delayed and efficacy is enhanced during onset of hypotension in spinal anesthesia as in general anesthesia; the T1/2 was prolonged four-fold in patients whose mean arterial pressure was reduced by 20% after spinal anesthesia \[[@b46-acc-2019-00717]\].

IDEAL FLUID TYPE DURING SURGERY AND INTENSIVE CARE
==================================================

IV fluids are categorized into two classes: crystalloids, which contain electrolytes in water that freely cross the EGL and capillary wall into the interstitium, and colloids, which comprise macromolecules confined in the vascular space by the EGL and capillary walls.

Crystalloids
------------

Crystalloids are further categorized into unbalanced (e.g., saline) and balanced (e.g., Ringer's lactate, Ringer's acetate, and Plasma-Lyte) ([Table 2](#t2-acc-2019-00717){ref-type="table"}). Among crystalloids, saline is the most commonly used worldwide. Saline contains a chloride concentration 50% higher than that of plasma and a strong ion difference of zero (unbalanced). Rapid administration of large amounts of saline produces hyperchloremic metabolic acidosis \[[@b20-acc-2019-00717],[@b21-acc-2019-00717]\]. Saline also undesirably affects renal function. Infusion of 2 L of saline over 1--2 hours in healthy volunteers reduced glomerular filtration rate and renal blood flow \[[@b47-acc-2019-00717]\]. It has been shown that the use of saline, as compared to balanced crystalloids, is consistently associated with postoperative complications after open abdominal surgery \[[@b48-acc-2019-00717]\]. Furthermore, use of saline has been associated with higher rates of complications, including AKI and in-hospital mortality, in observational studies among critically ill adults \[[@b14-acc-2019-00717],[@b24-acc-2019-00717]\]. Mechanisms underlying renal injury associated with hyperchloremia may include reduced renal blood flow due to afferent arteriolar vasoconstriction, inflammation, and edema \[[@b39-acc-2019-00717]\]. Moreover, renal fluid clearance is 35%--40% lower for saline than for Ringer's acetate or Ringer's lactate, showing less pronounced diuresis \[[@b36-acc-2019-00717]\]. Although balanced crystalloids are considered to be the first choice of IV fluid in modern clinical practice, saline is reserved for special indications, such as hyponatremia or hypochloremic metabolic alkalosis associated with vomiting. Saline may also be used for irrigation and as a vehicle for IV administration of drugs.

Balanced solutions are crystalloids that contain electrolyte compositions closer to that of ECF. The solutions are the mainstay of fluid administration in perioperative and critical care settings and should be used when saline is not indicated. Ringer's lactate substitutes a portion of chloride content with L-lactate buffer, providing a more physiologic chloride concentration. However, Ringer's lactate is slightly hypotonic relative to the plasma and may worsen cerebral edema and increase intracranial pressure in patients with brain injury \[[@b25-acc-2019-00717]\]. Ringer's lactate may not be a choice in patients with liver hypoperfusion or insufficiency since lactate metabolism entirely depends on preserved liver function. To compensate for this drawback, in Ringer's acetate the L-lactate is replaced with acetate, which is rapidly oxidized by the liver, muscle, and heart to yield HCO~3~^--^. To date, evidence of acetate toxicity after volume resuscitation has not been reported. Among commercial crystalloids, Plasma-Lyte is the closest to balanced both acid-base and tonicity perspectives. It contains stable organic anionic buffers of acetate and gluconate. In addition, Plasma-Lyte does not contain Ca^2+^ and thus is used for dilution of packed red blood cells prior to transfusion. Moreover, Plasma-Lyte may be the best option for patients with diabetic ketoacidosis in which correction of severe metabolic acidosis and fluid intervention is indicated \[[@b49-acc-2019-00717]\].

Colloids
--------

Colloids are crystalloid electrolyte solutions with macromolecules such as albumin and synthetic colloids (e.g., HES, gelatin, and dextran). However, the relatively higher cost and occasional complications may limit their use. Albumin (67 kDa) is the reference colloid suspended in saline and may be used either for correction of hypoalbuminemia or hypovolemia and for resuscitation of early septic patients. Albumin has the potential to preserve glycocalyx and renal function in critically ill patients \[[@b18-acc-2019-00717]\]. Thus, the Surviving Sepsis Campaign advises consideration of albumin in addition to crystalloids for initial volume resuscitation when patients require substantial amounts of crystalloids \[[@b50-acc-2019-00717]\].

HES solutions are the most commonly used colloids worldwide. However, high-molecular-weight preparations (e.g., hetastarch, pentastarch) were associated with coagulopathy and AKI in sepsis, resulting in their disuse \[[@b51-acc-2019-00717]\]. Third-generation HES (tetrastarch) has reduced concentration (6%) with a molecular weight of 130 kDa and molar substitution ratio of 0.38--0.45. These solutions have been used to optimize hemodynamics in critical care patients and in individuals undergoing major surgery, particularly as a component of goal-directed fluid therapy to prevent excessive positive fluid balance \[[@b52-acc-2019-00717]\].

Colloids may be warranted when crystalloid replacement exceeds 3--4 L prior to transfusion in patients with severe intravascular fluid deficit due to acute hemorrhage \[[@b53-acc-2019-00717]\]. Colloids persist longer in the intravascular space, hindering development of edema. Thus, combined initial use of 3 L of crystalloids with colloids top-up appears to represent a reasonable approach, especially in patients requiring large fluid volumes.

OPTIMAL AMOUNT OF FLUID
=======================

Fluid management has evolved significantly over the last 10 years as approaches such as laparoscopic surgery and enhanced recovery pathways after surgery have become popular. In addition, knowledge of fluid kinetics and the role of EGL in microvascular fluid exchange have been accumulated. Both insufficient and excessive amounts of fluid may have a negative impact on patient outcomes. Hypovolemia leads to decreased volume of circulating blood and oxygen delivery to organs and peripheral tissues, causing organ dysfunction, whereas fluid overload causes tissue edema with increased risk of postoperative pulmonary complications, wound infections, and organ dysfunction \[[@b54-acc-2019-00717]-[@b56-acc-2019-00717]\].

Patients undergoing major abdominal surgery have often been administered a large volume of crystalloids during and after surgery because of preoperative fasting and third-space loss. Surgical patients are fasted for too long from midnight before the surgery. Current guidelines recommend oral intake of clear fluids or carbohydrate drinks up to 2 hours prior to surgery, reducing the need for supplemental fluid. The extent of the third space has recently been refuted \[[@b57-acc-2019-00717]\]. Furthermore, the rates of distribution and elimination of infused fluid are significantly delayed under general anesthesia, stress, or dehydration, thereby enhancing fluid efficiency \[[@b9-acc-2019-00717]\]. These concepts may underlie a shift of the current fluid strategy toward more restrictive fluid amounts.

Perioperative fluid loss consisting of diuresis, insensible perspiration, evaporation from the wound, and accumulation in the traumatized tissue accounts for no more than 1--1.5 ml/kg/hr. However, general anesthesia inhibits the autonomic control of the cardiovascular system, possibly inducing a type of distributive shock. Blood is directed away from the gastrointestinal tract, an early trouble-spot for ischemia. Infusion of as little as 2 ml/kg/hr of crystalloids during surgery is associated with a higher incidence of nausea; however, additional crystalloids relieve the problem \[[@b12-acc-2019-00717]\]. Therefore, the current recommendation is to administer 3--5 ml/kg/hr of crystalloids during ongoing surgery, although more fluid is necessary in situations where blood loss is not minimal. A volume kinetic simulation of crystalloid infusion in this range shows a plasma volume expansion of 50--170 ml at 3 hours after surgery \[[@b58-acc-2019-00717]\].

The restrictive strategy aiming for "zero-balance" based on intraoperative measurement of lost blood and fluid and on body weight postoperatively is easily implemented and was shown to reduce postoperative complications in patients undergoing colorectal surgery \[[@b43-acc-2019-00717]\]. When administered in excess amounts, crystalloids are preferentially distributed to the interstitium of the subcutis, the gut, and the lungs. Accordingly, restricted use of fluid is the standard practice for patients undergoing major abdominal surgery \[[@b43-acc-2019-00717],[@b57-acc-2019-00717]\], esophagectomy \[[@b59-acc-2019-00717]\], or pulmonary resection surgery.

However, the Restrictive Versus Liberal Fluid Therapy in Major Abdominal Surgery (RELIEF) trial showed a high incidence of postoperative AKI (8.6% vs. 5.0%, P\<0.001) despite similar survival rates between groups \[[@b60-acc-2019-00717]\]. The restrictive group received a 5 ml/kg bolus at anesthesia induction, followed by intraoperative crystalloid infusion at a rate of 5 ml/kg/hr (approximately 1.7 L infusion intraoperatively); the liberal group received a 10-ml/kg bolus at induction, followed by an intraoperative rate of 8 ml/kg/hr (approximately 3 L infusion), which more closely resembled the restrictive group in the randomized multicenter trial by Brandstrup et al. \[[@b43-acc-2019-00717]\]. Myles et al. \[[@b61-acc-2019-00717]\] performed a post hoc analysis of data from RELIEF to evaluate whether intraoperative oliguria is an independent predictor of AKI. They found that oliguria, defined as urine output \<0.5 ml/kg/hr, was associated with postoperative AKI. These results are in conflict with a recent trend toward a more restrictive fluid approach during major surgery, indicating that aiming for "zero fluid balance" is too restrictive, and a somewhat liberal approach may be needed. Therefore, evidence-based practices in nonthoracic surgeries are moving away from a restrictive fluid strategy toward approaches directed to maintain a euvolemic state.

Goal-directed fluid therapy is a method of optimizing fluid and hemodynamic status for at-risk patients, using monitors to predict which patients will show hemodynamic improvement after fluid administration (fluid responsiveness). Recently, this individualized fluid therapy based on objective feedback regarding patient fluid responsiveness was shown to improve patient outcomes. To estimate hemodynamic responses, static and dynamic measures have been used. Early static measures (e.g., central venous pressure, pulmonary artery occlusion pressure, global end-diastolic volume, and inferior vena cava diameter) poorly predict fluid responsiveness. Therefore, the measures are no longer recommended for routine use. Instead, dynamic measures in which the effects on cardiac output in response to changes in cardiac preload are observed, either by changes during the respiratory cycle (e.g., pulse pressure variation, systolic pressure variation, and stroke volume variation) or evoked by certain maneuvers (e.g., passive leg raise to 30°, end-expiratory occlusion test for 15 seconds, or small fluid bolus of 3 ml/kg), are currently favored \[[@b62-acc-2019-00717]\].

In contrast, for relatively low-risk patients undergoing lowrisk or ambulatory surgery, a liberal fluid strategy of 20--30 ml/kg (e.g., 2 L over 30 minutes in average adult) was shown to reduce postoperative nausea, vomiting, and pain \[[@b13-acc-2019-00717]\]. This strategy is also considered favorable for patients undergoing laparoscopic cholecystectomy \[[@b63-acc-2019-00717]\] or total knee replacement \[[@b64-acc-2019-00717]\].

In thoracic surgery, fluid restriction has historically been advocated with the aim of decreasing interstitial hydrostatic pressure, limiting the incidence of acute lung injury. However, large randomized controlled trials in which fluid management strategies are evaluated in thoracic surgery are lacking. Wu et al. \[[@b65-acc-2019-00717]\] recently performed a single-center retrospective analysis to assess the effects of intraoperative fluid therapy on postoperative pulmonary complications in 446 patients undergoing a minimally invasive lobectomy. The cohort was classified into four groups (restrictive, moderate, moderately liberal, and liberal) based on intraoperative fluid infusion rate. They found the incidence of postoperative pneumonia and composite pulmonary complications to be lowest in the moderate group (9.4--11.8 ml/kg/hr), along with the incidence of postoperative AKI and length of hospital stay comparable.

Fluid Management in Critically Ill Patients
-------------------------------------------

Microcirculatory alterations are frequently observed in critically ill patients who suffer from sepsis or major trauma and individuals undergoing major surgery \[[@b55-acc-2019-00717]\]. For appropriate fluid resuscitation in these patients, clinicians must evaluate not only the pathophysiology underlying the hemodynamic instability, phase of fluid therapy \[[@b56-acc-2019-00717],[@b66-acc-2019-00717]\], and expected fluid responsiveness \[[@b62-acc-2019-00717]\], but also the outcomes from clinical trials \[[@b67-acc-2019-00717]\].

In sepsis, goal-directed, early, aggressive fluid resuscitation has been the mainstay since Rivers et al. \[[@b68-acc-2019-00717]\] in 2001 demonstrated lower mortality in patients who received goal-directed therapy for 6 hours compared with controls (5 vs. 3.5 L). With mounting concerns regarding increased mortality associated with a positive fluid balance in critically ill patients \[[@b69-acc-2019-00717]\], three large randomized clinical trials were recently performed to investigate whether large-volume resuscitation is appropriate \[[@b70-acc-2019-00717]-[@b72-acc-2019-00717]\]. The results showed lower mortality rate despite the use of lower volume (8.5--9.0 L) during the first 72 hours than that (13.4 L) in the Rivers et al.'s study \[[@b68-acc-2019-00717]\], supporting the hypothesis that overaggressive fluid administration may increase mortality in critically ill patients \[[@b55-acc-2019-00717],[@b69-acc-2019-00717]\]. In contrast, the infused volume (4.1--5.0 L) during the first 6 hours in the trials was similar to that (5 L) in the Rivers et al.'s study \[[@b68-acc-2019-00717]\]. This finding is in agreement with clinical trials that showed the importance of fluid resuscitation in the initial phase when hemodynamics are unstable \[[@b67-acc-2019-00717]\].

Based on Rivers et al. \[[@b68-acc-2019-00717]\] and subsequent trials \[[@b70-acc-2019-00717]-[@b72-acc-2019-00717]\], international guidelines for sepsis management recommend rapid infusion of 30 ml/kg of crystalloids as a 1-hour bundle \[[@b73-acc-2019-00717]\], followed by ongoing fluid administration for patients who continue to show fluid responsiveness \[[@b50-acc-2019-00717]\]. Likewise, Casey et al. \[[@b67-acc-2019-00717]\] suggested a resuscitation strategy to administer 2--3 L of balanced crystalloids for initial resuscitation of hypovolemic or distributive shock and additional fluid based on hemodynamic responsiveness. Furthermore, current fluid strategies in critically ill patients are changing toward more restrictive use of fluids, with early administration of vasopressors to achieve blood pressure goals \[[@b55-acc-2019-00717]\]. In a recent study in patients with severe sepsis and septic shock, the total fluid volume infused within 72 hours was significantly reduced to 71 ml/kg (approximately 5 L for an average weight of 70 kg) with the aid of vasopressors without affecting mortality or organ failure \[[@b74-acc-2019-00717]\]. Another study involving similar septic patients advocated an initial volume of balanced crystalloids as low as 20 ml/kg, followed by subsequent administration based on fluid responsiveness \[[@b75-acc-2019-00717]\].

Regarding the type of resuscitation fluids, new evidence indicates improved patient outcomes with use of balanced crystalloids compared with saline in most critically ill patients \[[@b10-acc-2019-00717],[@b14-acc-2019-00717],[@b48-acc-2019-00717]\]. In contrast, even 6% HES 130/0.4--0.42 was associated with increased risk of AKI or death compared with crystalloids in septic \[[@b26-acc-2019-00717]\] and acutely ill \[[@b27-acc-2019-00717]\] patients. Therefore, the current trend is to choose balanced crystalloids over saline or synthetic colloids for volume resuscitation. In 2013, the U.S. Food and Drug Administration recommended against the use of HES in critically ill patients.

ADVERSE EFFECTS OF FLUIDS
=========================

The infused fluid leaks and accumulates dose-dependently in the interstitium, even in healthy individuals. Tissue edema occurs only when the capacity of the lymphatic system to drain off this volume is overwhelmed, leading to organ dysfunction by impairing the diffusion of oxygen and metabolites and reducing tissue perfusion. Adverse effects of crystalloids are associated with their preferential distribution to the subcutis, gut, and lungs. When more than 2 L is administered, the gastrointestinal recovery time is delayed by 2 days \[[@b76-acc-2019-00717]\]. Infusion of even larger amounts of crystalloids during open abdominal surgery causes impaired wound healing, pulmonary edema, pneumonia, and pitting edema in the leg \[[@b53-acc-2019-00717],[@b54-acc-2019-00717]\].

Adverse effects of colloids include anaphylactic reactions (0.058% for starches), AKI \[[@b26-acc-2019-00717],[@b27-acc-2019-00717]\], coagulopathy, dilutional anemia, and colloid edema \[[@b53-acc-2019-00717],[@b54-acc-2019-00717]\]. Coagulation is impaired when the induced hemodilution reaches 40% for both crystalloids and colloids. Although both fluids induce edema, the pathophysiology may differ. Infused colloids other than albumin probably undergo capillary leakage, and extravasated colloid molecules attract fluid because the plasma volume expansion effect is much shorter than the T1/2 of the respective macromolecules in the body \[[@b26-acc-2019-00717]\]. Alternatively, colloids may displace intravascular crystalloids into interstitial space because their distribution is confined to approximately 2.3 L (average adult male) of the plasma space. This speculation was substantiated in a previous study in which the infusion of Ringer's acetate 2 hours after HES in volunteers was followed by a 50% greater peripheral accumulation of fluid compared with infusion of Ringer's acetate alone \[[@b77-acc-2019-00717]\].

In critically ill patients whose EGL is degraded, the turnover of colloids and crystalloids is accelerated, resulting in decreased efficiency and T1/2 \[[@b17-acc-2019-00717]-[@b19-acc-2019-00717]\]. An overaggressive fluid therapy may then augment glycocalyx degradation \[[@b18-acc-2019-00717],[@b78-acc-2019-00717]\] and cause profound interstitial edema in vital organs, resulting in renal, hepatic, and cardiac dysfunction. Increased extravascular lung water is particularly lethal, leading to iatrogenic salt water drowning \[[@b69-acc-2019-00717]\]. Hippensteel et al. \[[@b78-acc-2019-00717]\] demonstrated that the volume of IV fluids administered during resuscitation in patients with septic shock was independently associated with degree of glycocalyx degradation, being causally related to inhospital mortality.

CONCLUSION
==========

The turnover of crystalloids shows a significant variability (more than 10-fold) that is influenced by general anesthesia and physiological conditions such as stress, dehydration, and inflammation. The type and amount of fluid administered may affect patient outcomes. A better understanding of the fluid kinetics and characteristics of each fluid under different conditions will help refine the optimal application of fluid therapy. Fluids should be managed as drugs, with the type and dosage adapted to each patient's individual ongoing needs and tolerance.

HIGHLIGHTS
==========

■ Crystalloids are more effective plasma volume expanders than previously believed during general anesthesia and intensive care.

■ The endothelial glycocalyx layer plays an important role in microvascular permeability.

■ The current trend in perioperative and critical care settings is to choose balanced crystalloids over saline or hydroxyethyl starch for volume replacement.
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###### 

Half-life (T1/2) of crystalloids in different patient conditions during the perioperative period

  Period            Study condition                       Fluid type         T1/2 (min)        Female:male
  ----------------- ------------------------------------- ------------------ ----------------- -------------
  Awake volunteer   Well hydrated                         Ringer's acetate   23 (12--37)       0:20
                    Volunteers                            Ringer's acetate   40 (31--53)       0:8
                    Dehydrated                            Ringer's acetate   76 (57--101)      0:20
  Preoperative      Before Cesarean section               Ringer's acetate   175 (115--322)    10:00
                    Patient 2 to 3 hours before surgery   Ringer's acetate   23 (8--61)        10:19
                    Patient immediately before surgery    Ringer's lactate   169 (76--455)     8:7
  Intraoperative    Thyroid surgery                       Ringer's acetate   327 (144--642)    14:1
                    Laparoscopic cholecystectomy          Ringer's acetate   268 (88--1,366)   12:0
                    Open abdominal surgery                Ringer's lactate   172 (75--424)     5:5
                    Gynecological laparoscopy             Ringer's lactate   346 (165--801)    20:0
  Postoperative     4 Hours after laparoscopy             Ringer's lactate   17 (13--29)       15:5

Adapted from Hahn and Lyons. Eur J Anaesthesiol 2016;33:475-82 \[[@b5-acc-2019-00717]\]. T1/2 are presented as median (25-75th percentile range). Most infusions were 25 ml/kg and infused over 30 minutes.

###### 

Tonicity (mOsm/L) and electrolyte composition (mEq/L) of plasma and crystalloids

  Variable              Tonicity   Na^+^      K^--^      Cl^--^    Ca^2+^     HCO~3~^--^   Lactate   Acetate   SID
  --------------------- ---------- ---------- ---------- --------- ---------- ------------ --------- --------- ------
  Plasma                280--295   135--145   3.5--5.2   95--105   4.4--5.2   22--26       1         0         \~42
  Saline                308        154        0          154       0          0            0         0         0
  Ringer's lactate      273        130        4          109       3          0            28        0         28
  Ringer's acetate^a^   270        130        4          110       4          0            0         24        29
  Plasma-Lyte^b^        295        140        5          98        0          0            0         27        50

SID: strong ion difference *in vivo*.

Plasma, Ringer's acetate^a^, and plasma-Lyte^b^ also contain magnesium; Plasma-Lyte^b^ also contains 23 mEq/L of gluconate.
